Abstract Toroidal rotation has been recognized to have significant effects on the transport and magnetohydrodynamic (MHD) stability of tokamak plasmas. Neutral beam injection (NBI) is the most effective rotation generation method on current tokamak devices. To estimate the effective injected torque of the first neutral beam injection system on EAST, a simplified analytic method was derived. Calculated beam torque values were validated by those obtained from the NUBEAM code simulation. According to the results, for the collisional torque, the effective tangential radius for torque deposition is close to the beam tangency major radius. However, due to the dielectric property of tokamak plasma, the equivalent tangency major radius of the J × B torque is equal to the average major radius of the magnetic flux surface. The results will be useful for the research of toroidal momentum confinement and the experimental analysis of momentum transport related with NBI on EAST.
Introduction
The first Neutral Beam Injection (NBI) system on EAST that has recently been developed and successfully commissioned [1, 2] is able to deliver a neutral deuterium beam at 80 keV beam energy and a beam power up to 4 MW. To understand the interaction between the neutral beam and bulk plasma, much work was also performed to predict neutral beam heating and current driven efficiency [3−5] . The EAST-NBI was located at window A, which is directed in the co-current direction with an injection angle of 19.5 • [3] , as shown in Fig. 1 . The current configuration indicates that there will be substantial angular momentum injection to drive plasma rotation and increase rotation shear. Plasma rotation and its shear are known, both experimentally and theoretically, to improve plasma performance by suppressing turbulence [6] , therefore it is necessary to consider and calculate the NBI generated torque and its deposition profile in plasma in order to better understand momentum transport behavior.
For this purpose, a neutral beam transmission path and beam-plasma interaction are the two key points that are required to accurately evaluate the NBI generated torque. First, the beam transmission path associated with its tangency major radius contributes to the angular momentum flux, which renders pure injected torque and reference for zero-dimension momentum confinement. On the other hand, the beam-plasma interaction determines the torque deposition profile, which can be generally characterized by three different time scales to describe how fast the ion transfers its momentum to the bulk plasma [7] : a. the banana orbit bounce time-scale, on which the momentum is transferred by a J × B force due to the radial displacement of trapped fast ion, which also corresponds to dielectric property of tokamak plasmas [8] ; b. the slowing down time-scale, on which the momentum is transferred through Coulomb collision between passing ions and Fig.1 The top view of NBI system on EAST bulk plasma, which could be analytically calculated from the fast ion distribution function [9] ; and, c. when the passing ions become part of the thermal plasma after fully slowing down, its residual toroidal momentum will be balanced by the toroidal momentum transport. This paper is organized as follows. To analyze the EAST-NBI injected torque, the precise tangency major radius is obtained from the injection angle, and the formula of an injected torque with varied injected power is derived in section 2. The deposition profile of the absorbed torque is numerically evaluated for a typical EAST discharge, and the effective tangency major radius of the absorbed torque is obtained in section 3. Finally, our conclusions are summarized in section 4.
Neutral beam injected torque 2.1 The beam tangency major radius
To determine the injected torque, it is important to evaluate the beam tangency major radius (R T ) of the beam central line, as shown in Fig. 2 , where the beam is injected in z direction. According to the transformation between the coordinate systems with rotation angle θ, the tangency major radius R T could be evaluated by
For EAST, one NBI system actually has two ion sources placed side by side horizontally, therefore we need to take into consideration one tangency major radius for each beam line. The coordinates (x, z) of the two ion sources in the coordinate system shown in Fig. 2 and injection angles of Beam 1 and Beam 2 are given in Table 1 , based on which the tangency major radius was also evaluated. In order to analytically derive the expression of the beam injected torque, neutral beams with a rectangular cross section are considered. Fig. 3 shows the coordinate system with the origin located at the center of tokamak and illustrates the cross section of the neutral beam. Assuming that the beam particle velocity is parallel to the beam injection direction and is constant for a given beam energy, the injected torque T b and the injected power P b of neutral beam should be defined by the change of beam angular momentum ∆L b and the change of injected beam energy ∆Q b through the cross section ∆x ∆y during ∆t. According to the coordinate system shown in Fig. 3 , |x | is the local tangency radius for a differential cross section element dydx , therefore the scalar form of T b and P b could be expressed by an integral over the entire beam cross section, as follows:
where n b is the beam particle density, v b is beam particle velocity, m b is beam particle mass. It is obvious that Eq. (2) requires the beam density profile over the cross section to evaluate the beam injected torque; however, the distribution of beam density is not quite explicit itself. In order to avoid this problem, it is more intriguing to establish a connection between the injected torque and the injected power. From Eq. (2) and (3), it is clear that the relationship can be written as
Generally, ∆x ∆y −x n b dydx ∆x ∆y n b dydx = −x is the average distance from the beam cross section ∆x ∆y to the tokamak center. Normally, it is assumed that beam intensity has a bi-Gaussian angular distribution in two orthogonal directions perpendicular to the beam injecting direction [10−12] , which means that the beam particle density n b is symmetric about the beam centerline. Therefore, the beam cross section ∆x ∆y has an average equivalent tangency major radius R t = ∆x ∆y −x n b dydx ∆x ∆y n b dydx . Considering that the beam particle kinetic energy is equal to the beam energy (4) could be reduced to the following relationship between beam injected torque and power
According to the design parameters of neutral beam injection system on EAST [13, 14] , the species fraction of deuterium D + : D2 + : D3 + is about 80%: 14%: 6% and the beam energy ranges from 50 keV to 80 keV with each ion source delivering up to 2 MW neutral beam power. For this limited beam energy range, it is reasonable to assume a linear dependence of the injected power on the beam energy (Fig. 4) . Using the average equivalent tangency major radius (Table 1) For the simultaneous onset situation of Beam 1 and Beam 2, the whole NBI system of EAST will reach the maximum injected torque of 3.16 N · m with the full injected power of 4 MW. The torque could be almost directly absorbed through fast passing ion slowing down. However, the fast particle loss will decrease the fraction of beam absorption besides the direct shine-through loss. In order to obtain a more reliable absorbed beam torque, the numerical evaluations of beam-plasma interaction were carried out in section 3. The injected torque calculated in the previous section gives a reference on how much angular momentum is carried by the neutral beam; however, the effective momentum source for plasma is determined by momentum transfer rate during the beam-plasma interaction. There are two primary kinds of torques, corresponding to the J × B force from trapped fast ion radial current and the frictional force F col from collisions between fast ions and plasma. In order to obtain their deposition profiles and effective tangency major radii, it is necessary to understand the basic process of the plasma torque due to fast ions.
The effect of the J × B and frictional NBI torque has been experimentally studied on JET [15] , DIII-D [16] and so on, which validates the fact that the trapped fast ion radial current induces a collisionless torque with a quasi-instantaneous response time while passing ions transfer their momentum during the slowing down collisional process. Theoretically, the mechanism for transferring toroidal momentum from a neutral beam to the plasma reported by Hinton [17] is briefly presented here for a basic understand of the fast ion radial current and frictional torque. Considering the definition of magnetic filed as B = B ϕêϕ +ê ϕ × ∇ψ/R = B ϕêϕ + B θêθ , the magnetic surface averaged total toroidal torque density due to fast ions is
where ψ is the poloidal flux function, the magnetic surface average is defined as A =
Adθ B·∇θ dθ

B·∇θ
, and θ is the poloidal angle. For the J × B force term and its effective tangency major radius, it is necessary to find the relationship between the radial component of plasma current density J and the radial component of fast ion current density J f . Correspondingly, J · ∇ψ is the plasma radial polarization current torque density and J f · ∇ψ is the fast ion radial current torque density. Specifically, according to the dielectric property between the magnetic surface of a tokamak plasma, the radial component of magnetic surface averaged Maxwell's equation for electric field E is
where the radial component of ∇ × B on the left hand side of Eq. (7) averaged over the flux surfaces is zero [8] , J tot = J + J f is the total current density. Assuming that the polarizability of plasma is χ, the response of plasma polarization current to the electric field E is
∂t · ∇ψ . By substituting these relationships into Eq. (7), there is a change in E due to the prompt NBI fast ion radial current density [16] ,
where ε = ε 0 (1 + χ) is the total bulk plasma permittivity. According to the neoclassical theory [8, 18] , χ = m i n i /ε 0 B 2 θ is very large to make the total polarization current nearly exactly cancel the injected fast current [16, 17] , and hence J · ∇ψ ∼ = − J f · ∇ψ is approximately obtained. By defining the fast ion radial current density as J fr , the average major radius of the magnetic flux surface could be the equivalent tangency radius for J · ∇ψ , and Eq. (6) could be expressed as
Furthermore, the way of dealing with the frictional force F col on plasma is to follow the momentum conservation in collisions, which means that the collisional force on the plasma could be expressed in terms of the collisional force on the fast ions [17] . This force could be calculated by solving the fast ion distribution function analytically [9] or numerically [19] . To obtain the deposition profile of the plasma torque due to fast ions, the Monte Carlo code NUBEAM [19, 20] is adopted as an NBI solver in the next section.
The numerical calculation environment
The calculation here aims to provide an effective absorbed beam torque and its profile for the EAST NBI experiments, as well as for the momentum transport analysis. Briefly, the stopping cross section for beam neutrals becoming ionized and the slowing down of a fast ion by coulomb collision depend on plasma density and temperature. In addition, the orbits of the beam ions by solving the guiding center drift orbit equations depend on magnetic geometry. In order to achieve a reliable reference, the calculation carried out by NUBEAM is fully based on the typical discharge parameters of EAST tokamak shot 38300 at time 3900 ms. At this time slice, the plasma equilibrium from EFIT is shown in Fig. 7 , the magnetic axis is at R=1.899 m, the toroidal magnetic field on magnetic axis is B t =2 T, the minor radius is a=0.428 m, and the elongation is κ=1.712, the upper triangularity is δ u = 0.331, the lower triangularity is δ l = 0.488. The electron and ion temperature fitted profiles as well as the electron density profile are adopted as the input data for the NBI calculation shown in Fig. 8 and Fig. 9 , where the profiles have been used for kinetic equilibrium reconstruction [21] with the compromise of the limitation of ion temperature profile and the T i = T e assumption at the edge region due to the relatively low temperature and high collision frequency at the edge region in the current EAST plasma. Without considering the transport equation of particle and energy, plasma density and temperature profiles are fixed during the calculation. With these parameters, the whole plasma average slowing down time is about 20 ms [7] and the simulation time is 300 ms, so the outputs of the calculation are nearly close to a steady state. Fig.7 The magnetic surface configuration in shot 38300 at time 3900 ms Fig.8 The electron and the ion temperature profiles in shot 38300 at time 3900 ms Fig.9 The electron density profile in shot 38300 at time 3900 ms Additionally, it is important to make sure that the beam energy ranging from 50 keV to 80 keV is suitable for the electron density profile with the line averaged density of 4.10×10
19 m −3 , as shown in Fig. 9 . Fig. 10 shows the shine-through percentage varying with the beam energy in this typical case. It is clear that the maximal shine-through percentage of Beam 1 is less than 22%, which means that the shine-through power P sh is reasonable small. Assuming that there is an effective decay length of the beam, the shine-through percentage is expected to be less than e −1 . According to the analysis in section 3.1, there are two main mechanisms of plasma torque due to fast ions.
The plasma radial polarization current torque density T J = J · ∇ψ is the effective torque for J × B force to drive the toroidal plasma rotation, which is here caused by the fast ion radial current. Besides direct numerical simulation, from Eq. (9) this torque could be estimated by − RJ fr B θ , where R is average major radius of each flux surface, and B θ is a poloidal magnetic field, both are determined by the plasma equilibrium. In order to illustrate the difference between effective current torque density T J and the fast ion radial current torque density RJ fr B θ , the comparison between them for Beam 1 and Beam 2 that is shown in Fig. 11 and Fig. 12 indicates that the response of the plasma radial polarization current to the fast ion radial current is quite robust. The symmetry between their profiles is compatible with the expression of J · ∇ψ ∼ = − J f · ∇ψ , where the shadowed areas in the figures contain other corresponding torque density profiles of different beam energy in the range from 50 keV to 80 keV. Particularly, the fast ion radial current torque of Beam 1 is positive in the inner region of the plasma while that of Beam 2 is negative, which is originally due to the main difference between these two beams with their relative position at the EAST tokamak. Because of the larger tangency major radius, the profiles of Beam 2 are relatively broader in radius than that of Beam 1. In general, the fast ions are lost as a collective effect of crossing the plasma edge to make a positive fast ion radial current, however, from the particle point of view, for the injection at co-current direction the co-going ion has an inward drift motion of its banana orbit [22] to make a negative fast ion radial flow. The broader deposition profile of Beam 2 located at the inner region of plasma provides an amount of co-going ions that are deposited relatively far from the magnetic axis, which makes the inward drift motion of the co-going ion explicit to show a negative fast ion radial current. Fig.11 Comparison between the plasma radial polarization current torque density TJ and the fast ion radial current torque density RJ fr B θ of Beam 1
Although the plasma radial polarization current is relatively small compared with the fast ion radial current, the main reason is the finite plasma permittivity. Otherwise, as a collective effect, the fast ions are lost through the last close flux surface (LCFS), which gives a positive radial fast ion current inducing a negative radial polarization current. Therefore, this effective J × B force is almost in the counter plasma current direction, which could weaken the co-injection frictional torque and enhance the counter-injection frictional torque on the whole. Since the fast ions are eventually lost when crossing the plasma edge plus B θ stronger near edge, this naturally makes the plasma radial polarization current torque density profile to have more peaks near the plasma edge. Fig.12 Comparison between the plasma radial polarization current torque density TJ and the fast ion radial current torque density RJ fr B θ of Beam 2
The effective tangency major radius of the absorbed beam torque
The other important torque due to fast ions originates from the classical coulomb collision between fast ion and bulk plasma. This collisional torque is defined as the absorbed beam torque T abs , including beam collisional torque to electrons and ions. Following the momentum conservation in collisions, it is highly implied that there is an intrinsic and necessary connection between the absorbed beam torque T abs and the injected torque T b . First of all, Fig. 13 and Fig. 14 give the typical profiles of absorbed beam torque density of Beam 1 and Beam 2, respectively. Because of the larger tangency major radius, the profiles of Beam 2 are relatively broader in radius and bigger in magnitude than that of Beam 1. Unlike the plasma radial polarization current torque profile, collisional torque profiles peak near the plasma core, which is related to the centrally peaked deposition profile of the fast ion and is important for driving the core plasma rotation.
Since the calculation is based on real discharge parameters, the absorbed beam torque T abs could be calculated more reliably to validate its relation with the absorbed beam power [23] . Fig. 15 shows the absorbed beam torque varying with its injected power, where T abs is the integral of the profile over the whole flux volume. However, in Ref. [23] , in agreement with Eq. (5), it is estimated that T abs is the injected beam torque minus the shine-through loss, here this approximation is adopted to obtain the absorbed beam power since the shine-through power loss could be directly measured by the thermocouple [24] . Therefore, according to Eq. (5), the effective tangency major radius R eff between the absorbed beam torque and the absorbed beam power could be given by In order to make a comparison between the effective tangency major radius R eff and the beam tangency major radius R T , it is convenient to introduce here a reduced force
From the above calculation, the linear fitting gives a slope between the absorbed beam torque and the reduced force shown in Fig. 16 , where the slope is the effective tangency major radius about 0.778 m for Beam 1 and 1.1996 m for Beam 2, respectively. The intercepts of the fitting lines are quite small and the fitting effective tangency major radii are close to the beam tangency major radius shown in Table 1 , which means that Eq. (10) could efficiently give a reliable absorbed beam torque, even with the beam tangency major radius. However, it should also be pointed out that the beam tangency major radius is especially suitable for the collisional torque. Fig.16 The linear fitting for the effective tangency major radius
Conclusions
The precise tangency major radius of neutral beam central line is obtained separately for its ion source according to EAST-NBI geometry, the injected torque carried by the neutral beam is analyzed by the change rate of beam angular momentum through the beam cross section. The formula of the relationship between beam injected torque and power indicates the simultaneous onset situation of Beam 1 and Beam 2, the whole NBI system of EAST will reach the maximum pure injected torque of 3.16 N · m with the full injected power of 4 MW.
Based on real discharge parameters, the centrally peaked profiles of collisional torque are calculated for different beam energies, the volume integral of those profiles could give more reliable absorbed beam torques. It is validated that there is an effective tangency major radius between the absorbed torque and its absorbed beam power shown in Eq. (10), which gives an efficient way to estimate the collisional torque by shine-through power loss measurement experiment. In particular, it should be pointed out that when the collisional torque is dominant, the effective tangency major is close to the beam tangency radius. Otherwise, it is obvious that the equivalent tangency major radius of the J × B torque is equal to the average major radius of the magnetic flux surface.
Due to the large neoclassical plasma dielectric, the plasma responds to fast ion radial current with a polarization current corresponding to the effective J × B torque, which is nearly equal and opposite to the fast ion radial current. Therefore, the simple effect of J × B torque implies that a positive radial fast ion current induces a negative radial polarization current, which could weaken the co-injection frictional torque and enhance the counter-injection frictional torque on the whole. 
